Cavity sideband cooling of the Josephson phase 
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An extended Josephson junction intrinsically couples the superconducting current to the mi- 
crowave cavity in the insulating barrier. We demonstrate that this coupling produces sidebands in 
the microwave cavity resonances of the junction. By measuring the switching current distribution, 
we show that microwave radiation at sidebands brings the Josephson phase out of equilibrium. In 
particular, the effective phase temperature is reduced or enhanced through ant i- Stokes and Stokes 
scattering, respectively. Phase cooling and heating both increase with microwave power. 



The radiation pressure is used for cooling atoms, ions 
and optomechanical devices. In a Fabry-Perot (FP) in- 
terferometer in which one of the two mirrors vibrates, 
the Brownian motion of the vibrating mirror and hence 
its effective temperature can surprisingly be lowered by 
increasing the power of light [TH2] . There is a straightfor- 
ward analogy with a Josephson junction irradiated with 
microwave photons, where the phase difference between 
the wavefunctions of two superconductors, the Josephson 
phase, takes the role of the mirror position. In this Let- 
ter we show that the microwave field acts on the Joseph- 
son phase as the radiation pressure does on a vibrating 
mirror. Specifically, when coupled with a high quality 
microwave cavity, the Josephson junction generates side- 
band resonances for each cavity mode. Phase heating 
or cooling is achieved by microwave radiation at these 
sidebands. 

A mm-scale Josephson junction, formed by two super- 
conducting electrodes separated by an insulating barrier, 
is in fact a microwave cavity and a Josephson resonator. 
An artistic view of a Josephson junction of length L and 
its electromagnetic modes is presented in Fig.[]Ja). Elec- 
trically, a distributed Josephson junction is analogous to 
a transmission line as depicted in Fig. [ljb) . The geo- 
metrical inductance, Lc, an d the capacitance, C, define 
the microwave cavity. While the Josephson resonator is 
formed by Lj and C, the single electron and Cooper pair 
tunneling give rise to the dissipative, Rqp, and the induc- 
tive, Lj = h/2eI c cosx transport through the junction, 
respectively [4]. Here I c is the junction critical current 
and x the phase difference of the wavefunctions between 
the two superconductors with no excited modes in the 
cavity. The cavity resonances are parametrically cou- 
pled to the oscillations of the Josephson phase, x- If the 
intracavity field does not follow adiabatically the phase 
oscillations because of the high finesse of the cavity, the 
delay between the motion of the phase and the photo- 
assisted phase dynamics causes an additional friction [3] 
(the analogy with a FP interferometer is illustrated in 
Fig. 1(c)). First we address the coupling between the 
Josephson phase and the cavity modes and then we focus 
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FIG. 1. (a) Sketch of an extended Josephson junction sup- 
porting resonant electromagnetic modes k n = n • ^/l with 
intra-cavity field amplitudes a n across the insulating bar- 
rier, (b) Electromagnetic transmission line model of an ex- 
tended Josephson junction, (c) Analogy between cooling of 
phase oscillations in the tilted washboard potential and opto- 
mechanical cooling in a Fabry-Perot cavity. In junctions with 
high finesse, microwaves act similarly on phase dynamics as 
the radiation pressure on a moving mirror, (d) Schematic of 
Stokes and ant i- Stokes processes due to sideband radiation. 



on photo- assisted phase dynamics. 

In the limit of small microwave power Prf and zero ex- 
ternal DC-voltage and applied magnetic field, the Hamil- 
tonian of the junction obtained from the Josephson and 
the Maxwell relations can be written as Ht = Hj + Hc + 
H int given by [5] 
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Here Hj is the Hamiltonian of the Josephson junction, 
Hq is that of the cavity and H int describes the in- 
teraction between the cavity and the Josephson cur- 
rent. The effective potential, U(x) is given by U(x) — 
1 — cos(x) — (Iin/Ic) Xi where Zj n is the bias current, v v 
is the plasma frequency and Ej — ^I c is the Joseph- 
son energy. For simplicity we consider the first mode A\ 
only with A\(t) = aie z27rUlt where a n = 2eV n /hv n is the 
intracavity field amplitude of the corresponding mode. 

If there are no photons present in the cavity, i.e. clas- 
sically A\ = and hence He = and Hi nt = 0, the 
dynamics of the phase difference, x? is equivalent to that 
of a particle of mass M = (2e/h) 2 C in a washboard like 
potential U(x) [S] as shown in Fig. [TJc). The tilt of the 
washboard potential is given by the current bias, Zj n . For 
I in < Ic thermal fluctuations help the Josephson phase 
escape from the washboard minimum. This results in 
a switching current to the dissipative state, 7 S , smaller 
than I c and more importantly in a thermal distribution 
of the switching current [7] so that switching is a direct 
measure of the phase temperature [8]. 

The interaction term Hi nt arises from the non-linear 
current-phase Josephson relation and it is formally equiv- 
alent to the radiation pressure in a FP interferometer [9] 
except that here the mechanical coordinate is the phase. 
This is shown in Fig. [TJc) where the Josephson oscilla- 
tions replace the mirror oscillations of the FP interferom- 
eter. When coupled dynamics are ignored the effect of A\ 
on I c is trivial such that I C (A{) = I c (l — A 2 ) and simply 
shows the standard reduction of I c by microwaves [TO] . 
However for v v larger than the cavity bandwidth vb, a 
static approach is insufficient to describe the Josephson 
dynamics which is instead strongly correlated to that of 
the electromagnetic field in the cavity. To investigate the 
coupled dynamics we have to consider at the same time 
the cavity storage time, the Josephson induced dephas- 
ing due to the electromagnetic field in the cavity and 
damping of the Josephson oscillations. 

The classical dynamical equation for the intracavity 
field amplitude is [9 
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where V& is the detuning frequency, / a geometrical pa- 
rameter and din the power injected into the cavity. In 
the expression for ujj the first term accounts for the de- 
tuning of the microwave radiation from the cavity mode 
(i.e. Au = v — v\) while the second term arises from 
the coupling to the phase and has both a dynamical xif) 
and static component (%). Physically, the Josephson os- 
cillations change the propagation in the cavity through 
the Josephson inductance that modulates the microwave 
impedance of the transmission line. This produces fre- 
quency and amplitude modulation of the cavity mode. 



Amplitude modulation gives sidebands [11 in the cavity 
resonance as described in Fig. [TJd). 

The back action of the intracavity field on the Joseph- 
son phase results in an effective force acting on the 
phase that actually produces damping and also changes 
the eigenfrequency of the Josephson oscillator. Al- 
though it is natural to consider that the microwave 
impedance of the environment affects the phase damp- 
ing [I2j [13], coupled phase and cavity dynamics lead 
to an active damping which is proportional to the mi- 
crowave power. By analogy with calculations for a FP 
interferometer with a mobile mirror [14], we find T e ff = 
r J (l-2Q J Im{^(^)}) and z/ p>e// = ^ (1 + (i/)}) 



Where 



with oc Prf /[{I 
rj=l/RgpC is the damping parameter and Qj = 
27tu p /Tj the Josephson quality factor. As a conse- 
quence, the amplitude of the Josephson oscillations is ei- 
ther damped (negative-detuning) or enhanced (positive- 
detuning) at the sidebands corresponding to effective 
cooling or heating, respectively. The equipartition theo- 
rem links the "phase temperature" to its oscillation am- 
plitude. 

We use Nb/Al/Al 2 3 /PdNi/Nb and 

Nb/Al/A^Os/Nb Josephson junctions in a cross- 
strip geometry [15]. The junction area is 740/im by 
740/im. Both junction types show sideband cooling and 
heating. The thin PdNi layer is added to reduce the 
critical current and the Josephson quality factor in order 
to make switching measurements easier at low temper- 
ature. All the data reported here have been taken in 
Nb/Al/Al 2 3 /PdNi/Nb junctions. The circuit used to 
measure the cur rent- volt age (I-V) characteristics and the 
switching current distribution is reported in Fig. [5Ja). 
The I-V characteristics at temperatures between 2 K 
and 600 mK are shown in Fig. [2^b). The junctions 
are strongly underdamped, i.e. the damping parameter 
Tj « v p . The lowest temperature is measured using an 
AI/AI2O3/AI tunnel junction as a thermometer. When 
a finite DC- voltage appears across the junction, the 
cavity modes are resonantly excited at V® c = ^^ n5 
and mix with the AC- Josephson current giving rise to 
finite DC-resonances (Fiske steps) [T6] , This is shown in 
Fig. [SJc). The modes labeled V® correspond to modes 
fc n , with n = 1, 2 and 3. The frequencies of the resonant 
cavity modes are v n = Cs /27r ' with k n = nir/L 
and c s is the Swihart velocity [17]. The first mode 
occurs at v\ ~ 7 GHz. Higher symmetry modes are 
also visible. From the dispersion of these modes [4] we 
get the Swihart velocity c s = 1.1 • 10 T m/s, the junction 
capacitance C = 30nF and then the plasma frequency at 
zero current bias v v = 1 /2^\/2eI c /TiC = 550MHz <C v\. 

In the following we focus on the photo-assisted dissi- 
pationless current. This is obtained by microwave radi- 
ation through the RF-excitation line (Fig. |5Jc)). The 
high-pass filter ensures negligible microwave power at 
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FIG. 2. (a) Schematic of switching current measurement 
setup: the junction is current biased with a 77Hz sawtooth 
ramp. The switching current probability distribution P(Is) 
is measured using a counter. A separate line allows mi- 
crowave excitation, (a) I-V curves in a temperature range 
from 2K (deep blue) to 600 mK (red), (c) Detail from (b): 
Fiske resonances at 600 mK, corresponding to frequencies 
Ul = 7.0 GHz, v 2 = 15.0 GHz, ... according to v£ c = h / 2 e-v n . 
Each resonance is measured for the applied in plane magnetic 
field that maximizes its amplitude. 



the Josephson plasma frequency. Josephson spectroscopy 
of the cavity is shown in Fig. [3jc) where the Joseph- 
son critical current is measured as a function of the 
microwave frequency. When the cavity is externally 
pumped, the Josephson current decreases. These modes 
correspond precisely to those measured resonantly by the 
AC- Josephson effect and reported in Fig.[2|c). We obtain 
the cavity quality factor of about 200 independent of tem- 
perature below 2K. The frequency of the cavity modes is 
much larger than v v and hence the dielectric losses in the 
insulating barrier limit the value of the cavity quality 
factor rather than the single particle tunneling. 

The coupled dynamics appear in the switching current 
at low temperature (below 1.5K) when the Josephson 
quality factor is large. Moreover, at the lowest tempera- 
ture (600 mK), the phase relaxation time r x ~ 200/is [15] 
is much longer than the electron-phonon relaxation time 
r e - p h ~ 3//s [18], ensuring good insulation from the ther- 
mal bath. In Fig. [3^a) sidebands at v\ ± v v are revealed 
through the frequency dependence of the switching cur- 
rent. The imposed current bias changes the washboard 
potential and hence the plasma frequency is reduced by 
about a factor 2 at switching. Higher damping enhances 
the switching current while lower damping decreases it. 
Note that the quasiparticle resistance is frequency inde- 
pendent as shown in Fig. |3ja). The quasiparticle resis- 
tance Rqp is thermally activated and it is therefore an 
ideal thermometer of the electron bath. This stresses 
out that microwave induced phase cooling and heating 
are out-of-equilibrium phenomena. Fig. |3|b) shows the 



change of the switching current as a function of the mi- 
crowave power at the cavity resonance, v\, and the anti- 
Stokes, v\— z/ p , frequency. As expected, higher microwave 
power at v — v\ — v v produces higher phase damping 
and hence larger switching currents while the higher mi- 
crowave power in the main cavity mode suppresses the 
critical current further. Throughout the paper Prf refers 
to the source output. A quantitative estimation of the / 
parameter in Eq. (3) is beyond the scope of this work. 

Although sideband cooling is substantially a classical 
mechanism [19] . it is pedagogical to quickly illustrate its 
quantum analogue [20l El]. When photons of energy 
v\ — v v reach the junction, they combine with Joseph- 
son plasmons through anti-Stokes scattering: the occu- 
pation of the cavity increases, while the occupation of 
the Josephson oscillator decreases. As the escape of a 
photon from the cavity does not change the amplitude 
of the Josephson oscillator this scattering leads to cool- 
ing. Effective heating corresponds to photons of energy 
v\ + v v that add photons to the cavity and plasmons to 
the junctions (i.e. Stokes scattering). This mechanism is 
illustrated in Fig. [TJd). 

At T <C T c , the switching current is only weakly de- 
pendent on temperature; however the "phase tempera- 
ture" is experimentally discernable from the width <j s of 
the switching histograms. Fig. [4ja) shows the variations 
of <j s as a function of microwave frequency around the 
first cavity mode (similar behavior is observed for higher 
modes). For the anti-Stokes and Stokes frequencies (la- 
belled A and C), cr s is strongly reduced or enhanced. 
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FIG. 3. a) Switching current as function of microwave fre- 
quency at T=2K (blue) and T=600mK (red). At low temper- 
atures sidebands occur, detuned about the plasma frequency 
Up. The quasiparticle resistance R qp (black curve below) at 
600mK does not change with the RF-frequency indicating no 
change in the junction electron temperature, b) Switching 
current as a function of RF-power from —30 dBm to —2 dBm 
at 600mK taken at the resonance frequency (B): v = v\ and 
at the anti-Stokes frequency (A): v — v\ — v v . c) Whole 
spectrum from 6.5 GHz to 16 GHz measured at —13 dBm and 
T=2K. The first two resonances at v\ — 7 GHz, jy 2 — 15 GHz, 
coincide precisely with the Fiske steps in Fig. |2jc). 
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FIG. 4. a) Histogram width as measured at T=2 K (red) 
and T=600 mK (blue) as function of microwave frequency 
with theoretical fit (dashed blue) obtained from the expres- 
sion of the RF-induced effective damping described in the 
text. Cooling of the Josephson phase occurs at the Stokes 
line (A), whereas heating is observed at the Stokes frequency 
(C). At resonance v — v\ there is no effect on T e ff. b) Rel- 
ative change of as at v — 6.69 GHz and v — 7 GHz as a 
function of the microwave power from —30 dBm to —2 dBm 
at 600 mK. c) Relative change in as due to sideband cool- 
ing as a function of the junction quality factor. Data are 
obtained by radiation at the ant i- Stokes frequency v — 6.69 
GHz by decreasing the junction temperature from 2 K to 600 
mK and normalization by as at 2K without RF radiation. 
Dashed lines are theoretical predictions with (blue) and with- 
out (green) microwave radiation, d) Switching current his- 
tograms for increasing RF-power at v — 6.69 GHz. Cooling 
corresponds to narrower histograms at higher power. 



This confirms cooling for negative sideband detuning and 
heating for positive sideband detuning. No changes in 
the phase temperature are observed at zero detuning in- 
dependent of the microwave power (Fig. Qb)). Cooling 
power instead increases with microwave power. The evo- 
lution of the switching histogram for irradiation at he 
anti-Stokes frequency is plotted in Fig. |4jd). We have 
achieved a minimum phase temperature of 320 mK (at 
600 mK cryostat temperature) which is consistent with 
the measured maximum increase of the switching current 
under microwave irradiation at v\ — v v . The shape of the 
histograms verifies the current bias dependence expected 
from the Kramers escape rate [7]. 

The phase temperature is given by T e ff/T = T/T e ff, 
while in the context of Kramers theory <j s is propor- 

2/o 2/q 

tional to T J and hence to T /3 . The blue dotted curve 
in Fig. [4^ a) is the theoretical expectation leaving the 
microwave power as fitting parameter. The effective 
damping is temperature dependent through the Joseph- 
son quality factor. This is presented in Fig. |4jc) where 



the width of the switching histograms is shown for anti- 
Stokes cooling. Lowering the temperature increases the 
quality factor and hence the effective damping (see equa- 
tion for T e ff given above). The dotted green curve in 
Fig. [4jc) is the theoretical expectation for a s taking into 
account only thermal fluctuations, the solid blue curve is 
obtained adding sideband cooling. 

In conclusion, we have observed sideband cooling and 
heating of the Josephson phase by microwave excitation. 
There is a direct mapping with cooling and heating of a 
mechanical oscillator in a Fabry-Perot interferometer by 
radiation pressure. Due to the strong coupling between 
the phase and the photon dynamics, extended Josephson 
junctions offer new perspectives in the merging field of 
combined quantum transport and quantum optics. More- 
over, it is instructive to point out that some technical as- 
pects of a large-scale interferometer may be investigated 
using a simple Josephson junction. 
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